Diagnosis of tuberculosis (TB) 
T
he tuberculin skin test (TST) was until recently the only means of diagnosing latent tuberculosis (TB) infection (LTBI). Recent advances in genomics and immunology have led to the development of two new interferon-␥ (IFN-␥) release assays (IGRAs) for the diagnosis of TB that utilize highly specific peptides for Mycobacterium tuberculosis absent from bacille Calmette-Guerin (BCG) vaccine and most nontuberculous mycobacteria. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The QuantiFERON-TB Gold (QFT-G) and QuantiFERON-TB Gold In-Tube (QFT-GIT) (Cellestis; Carnegie, Australia) assay 11 measures IFN-␥ by an enzyme-linked immunosorbent assay (ELISA) after stimulation by two antigens, i.e., the early secretory antigenic target-6 (ESAT-6) and the culture filtrate protein-10 (CFP-10) peptides. The enzymelinked immunospot (ELISpot) (T-SPOT.TB; Oxford Immunotec, Oxford, UK) enumerates IFN-␥-secreting T cells. 9,14 -16 Several studies performed primarily in adults indicate that both tests are more specific than the TST and are not confounded by previous BCG vaccination or by infection with most nontuberculous bacteria. 9, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Powell et al. 30 recommend that with unusual IFN-␥ measurements, not only should the QFT-G and QFT-GIT be repeated with another blood sample to avoid erroneous diagnosis of M. tuberculosis infection and interpreted with caution if they recur but also encourage more meticulous recognition of these unusual IFN-␥ measurements that may be a predictive marker of inaccurate results. In the study by Pareek et al. , 24 the use of screening by QFT-GIT in the UK for latent TB in immigrant populations was found to be cost-effective, thereby preventing substantial numbers of future cases of active TB.
In their recommendations for use of the test, the Centers for Disease Control and Prevention (CDC) has suggested the need for additional studies in young children, especially those Ͻ5 years, both to establish the validity of the IGRAs and to make comparisons of these tests with the TST. 12, 13 Targeted TST testing is currently recommended by the American Academy of Pediatrics (AAP) Red Book Committee for the diagnosis of TB for children at high risk of TB infection or with other TB-predisposing medical conditions, e.g., HIV infection. The availability of these additional data would also assist in the formulation of new recommendations for TB testing in the pediatric age group by the AAP Red Book Committee.
The primary purpose of the present study was to examine the in vitro QFT-G responses of children at risk to TB in children in the United States and to compare age-related variations in IFN-␥ production with QFT-G responses in the younger age groups. A secondary goal of this study is to alert the allergistimmunologist to the importance and usefulness of the IGRAs in the optimal management of patients who present with suspected TB infection that may be confounded by an ambiguous positive TST.
MATERIALS AND METHODS

Study Design
The study was approved by the Georgetown University Institutional Review Board under protocol 2003-080. Over a 7-year period from 2004 to 2011, 517 healthy children from the United States were recruited in the study. The study participants ranged in age from 1 month to 18 years and were referred mainly by pediatricians from the private and public health clinics in the greater Washington, DC, area who provide care for U.S. and foreign-born children. All children were enrolled in the study primarily because of an ambiguous diagnostically interpretable TST after their parents or guardians were informed of the availability of a new in vitro QFT-G test that could improve the diagnostic accuracy of the currently employed TST and after they had provided informed consent (Fig. 1) . Detailed information was obtained by questionnaire on demographic and TB risk factors, including country of birth, travel, history of exposure to patients with active TB, and any previous history and date of BCG immunization. This group included a relatively larger minority population of Asians and Latinos, the majority of which had received BCG in countries where active TB infection is quite prevalent and where the use of BCG immunization of children is the norm.
The majority of these children had their TST performed as part of international adoption policy and were being referred because of the uncertainty of interpretation of their positive TST responses, which could have resulted from their previous BCG immunization or TB infection. All children were healthy with no underlying conditions and who were not receiving any antiinflammatory or immunosuppressive therapy that might have affected the interpretation of test results.
The basis for inclusion of relatively younger children in the study was to permit the evaluation of the effects of the stage of maturation of the immune system on the QFT-G test results because of the known lowered immune responsiveness of the small infant. One of the major goals of the study was to determine whether there were any age-related variations in IFN-␥ production, particularly in children Ͻ5 years of age that might preclude the future use of the QTB-G assay for the diagnosis of active TB or LTBI.
Written parental informed consent was obtained, and a verbal assent was obtained from older children (aged 12 years or more).
TST Procedures
The TST procedures used methods currently described in the classification and interpretation guidelines for TST reactions recommended by the Division of Tuberculosis Elimination, CDC, 31 and the AAP Committee on Infectious Diseases. 33, 36, 37 All TST procedures were performed by the referring healthcare providers and were not repeated during the study.
QuantiFERON-TB Gold
The QFT-G (Cellestis Ltd., Carnegie, Victoria, Australia) assay was used for the study of all children and was performed according to the manufacturer's instructions. 11 The test kit is supplied with peptides simulating ESAT-6 and CFP-10 proteins, mitogen (phytohemagglutinin), and nil control, which are used to stimulate T cells in whole heparinized blood samples during incubation. The test uses a two-stage assay system; the first stage consists of incubation of whole blood with antigens, mitogen, and nil control, and the second involves measurement of IFN-␥ production by ELISA in harvested plasma. Briefly, ϳ5 ml of blood was obtained from each subject and placed in a 10-ml heparinized BD Vacutainer tube. After evenly mixing the blood by gentle rotation of the tube, a 1.0-ml aliquot was dispensed into individual wells for test antigens, mitogen, and nil control. After the addition of three drops (125 l) of each antigen, mitogen, or nil control into each respective blood-containing well, the plate was covered, mixed thoroughly, and incubated in a humidified 37°C incubator for 16 -24 hours. After incubation, plasma was removed from each well and the amount of IFN-␥ measured by ELISA. The method used for interpretation of QFT-G test results consisted of an algorithm requiring the satisfactory reactivity of appropriate peptide and mitogen controls as shown in Table 1 .
The information obtained from the QFT-G was not used by the investigators with an intent-to-treat purpose but may have been used in this way by the referring healthcare providers after receiving the test results.
Statistical Analysis
Data were analyzed by one-way analysis of variance or Kruskal-Wallis analysis of variance on ranks followed by a Holm-Sidak's multiple-comparisons test (when data were not normally distributed or variance was different between groups) using SigmaStat software (Chicago, IL). The unpaired t test was used to determine statistical differences between two groups.
RESULTS
Characteristics of Children
The age and gender distribution of children is shown in Table 2 and Fig. 2 . Among the 517 children, 211were male and 306 female who ranged in age from 1 month to 18 years and stratified into the following five subgroups: 1 month to 1 11 ⁄12 years (61), 2-4 11 ⁄12 years (110), 5-9 11 ⁄12 years (125), 10 -14 11 ⁄12 years (122), and 15-18 years (99). Of the 517 children, 434 were TST positive and 33 TST negative (Fig. 1) . A total of 355 children had received the BCG vaccine; of these, 310 (87.3%) were TST positive and 26 (7.3%) TST negative. Shown in Table 3 is the ethnic distribution of the population in comparison with the reported ethnic distribution on the greater Washington, DC, area. The ethnic distribution of the study population was slightly higher in the Asian and Latino populations and lower in the African-American population.
Results of the QFT-G Assay Performed in Children
Shown in Table 4 is a summary comparison of the results of the QFT-G determinations performed in children with their clinical and x-ray findings. Only one child had a previous history of active TB diagnosed by chest x-ray and sputum culture after which he had been treated for a 6-month period with anti-TB medications. Of the 517 children studied, 27 (5.2%) showed positive QFT-G responses, and 37 (7.15%) children showed indeterminate results. When the data from the 27 QFT-G-positive children were analyzed more closely with respect to BCG immunization and TB exposure history, several comparisons could be made (Table 5 ). The ages of the 27 QFT-G-positive children ranged from 9 months to 18 years. It can be seen that 20 of the 27 subjects had received previous BCG immunization, 2 gave a history of previous exposure to TB, and 1 had positive chest x-ray.
Results of Studies of Age-Related Capacity of IFN-␥ Production
Because one of the major goals of this research was to study variations in age-related immune capacity of the child to determine the validity of the use of the QFT-G assay in the younger age group particularly in children Ͻ5 years of age, the capacity of IFN-␥ production was measured in various age groups of children in response to specific TB peptides as well as to mitogen. The results of these studies are shown in Figs. 3 and 4 , respectively. The IFN-␥ production in response to specific peptides in the 27 QFT-G-positive children could be evaluated only in children in the 9 months to 18 years range, the group where the only positive QFT-G responses were observed (Fig. 3) . Within this age range, no statistically significant differences in mean values were observed between the various subgroups that comprised this age range (p ϭ 0.776). In contrast, IFN-␥ production in response to mitogen could be measured in all 481 subjects within the age range of 6 months to 18 years (Fig. 4) . In this age range, adequate IFN-␥ responses were seen, and the only statistically significant difference in mean values among the various subgroups was seen between the 5-9 11 ⁄12 year and the 10 -14 11 ⁄12 year groups (p Ͻ 0.05). In children Ͻ5 years of age, comparable mean values of IFN-␥ production in response to mitogen was found, i.e., 5.8 IU/ml.
Of particular importance was the finding of adequate IFN-␥ responses even in the youngest age groups Ͻ5 years with mean values of 5.9 IU/ml in the 0.5-2 11 ⁄12 years group and 5.6 IU/ml in the 2-4 11 ⁄12 years group.
DISCUSSION
The use of the traditional TST for diagnosis of TB poses a perplexing challenge for the healthcare provider entrusted to the care of children due to its low specificity and its cross-reactivity with nontuberculous mycobacteria or previous BCG immunization. 13 The ambiguity of TST findings is of particular concern to the allergist-immunologist who often includes TB infection in the differential diagnosis of children suspected to have allergic disease possibly complicated by TB. Despite its shortcomings, 
Exp, Exposure; Hx, history; ND, not done; Rx, treated.
routine TST testing of infants and children was the norm until the 1960s and 1970s, when rates of tuberculosis infection were high in the United States and universal screening for TB was required for all children. 30 -32 In 1996, the AAP's Committee on Infectious Diseases recommended the use of targeted TST in children of high-risk groups, such as Blacks, Hispanics, the socioeconomically disadvantaged, and children living in neighborhoods with higher average than the national average rates of TB, 34 and discouraged universal testing of children who lacked these risk factors. 34 -36 The most recent recommendations of the AAP's Committee on Infectious Diseases 37 are consistent with those of the CDC 13 and recommend judicious use of the TST and the IGRAs, particularly in children Ͻ5 years of age.
In recent years, the availability of IGRAs has led to proposals for their use as alternatives to the TST. 1, [3] [4] [5] [11] [12] [13] Their accessibility has also prompted the National Institute of Health and Clinical Excellence in the United Kingdom to recommend the use of the IGRAs to discriminate between a true-or false-positive reaction. 38, 39 In the original guidelines for using the QFT-G in detecting M. tuberculosis infection, 12 the CDC cautiously recommended the need for additional studies regarding the use of QFT-G in young children, especially those aged Ͻ5 years, both to establish the validity of the assay in this younger age group and to make comparisons of the test with the TST. The basis for this guarded recommendation was based on the known lowered immune responsiveness of the young host, particularly children Ͻ5 years of age that might preclude the future use of the QTB-G assay for the diagnosis of either LTBI or active TB disease. 33 One of the major goals of the present study, therefore, was to determine whether there were any age-related variations in IFN-␥ production in the younger child. The results of the present study confirm and extend published observations supporting the validity of QFT IFN release assays in two groups of children. In a group of 517 U.S. children referred by healthcare providers and pediatricians, 434 (84%) were TST positive. Of these 434 TST-positive children, 25 (5.8%) were found to be QFT-G positive and would be considered LTBI; because the vast majority of TST-positive reactive children, i.e. 434 (84%), appeared not to be infected with TB, they would not have required antituberculous treatment. In the absence of the availability of the IGRAs, therefore, these children would have been treated unnecessarily for LTBI. Of the 517 children, 355 were previously immunized with BCG; of these 355 children, 310 (87.3%) were TST positive, which included 18/27 (66.7%) children who were QFT positive. Therefore, of the 27 QFT-G-positive responses, 7 were seen in non-BCG-immunized children and 20 in children who had also received the BCG vaccine. The simultaneous occurrence in the 18 TST-positive children who had received BCG could have contributed to a further diagnostic dilemma of whether their skin reactivity was due either to previous immunization or TB infection, a problem that was resolved by the use of the QFT-G. The finding that only 18 TSTpositive children were actually TB infected and would require antituberculous therapy obviated the unnecessary use of antituberculous medication in the remaining 292 children with TST-positive responses that were related to previous BCG immunization. Moreover, the unnecessary use of TB medication resulting from a lack of specificity of TST may have resulted in an increased risk of significant drug toxicity that was also avoided by the use of the QFT-G.
One of the most interesting results of the study is the finding of adequate IFN-␥ production by the young child. For ease of discussion, IFN-␥ is classically a T-cell-derived cytokine produced by Th1 CD4 ϩ lymphocytes 44 as part of the IL-12/IFN-␥ pathway (Fig. 5) . This pathway is critical in determining which of the three TB/macrophage outcomes will occur; these include 1) successful killing of the TB by the macrophage, 2) killing of the macrophage by the TB overwhelming the microbicidal capacity, and 3) establishment of chronic infection where both the TB and macrophage survive as in chronic infection seen in LTBI. Shown in Fig. 6 is a more detailed representation of the sequential IL-12/IL-2/IFN-␥/ tumor necrosis factor-␣ (TNF-␣) cytokine cascade involved in the macrophage/Th1 interaction resulting in successful killing. In the present study, adequate levels of IFN-␥ were found in response to either ESAT-6 or CFP-10 peptides in all 27 QFT-Gpositive children, which included 12 children as young as 9 months of age. The measurement of adequate IFN-␥ production in response to mitogen was also documented in all 517 U.S. children but particularly in the 56 children as young as 6 month to 1 11 ⁄12 years and 97 in the 2-4 11 ⁄12 years group or a total of 153/517 (229.6%) in the group Ͻ5 years of age. Moreover, the levels of IFN-␥ in the Ͻ5 year age group were comparable to those seen in the children Ͼ5 yrs of age.
The results of the present study suggest that there may be adequate immunologic maturity with respect to T-cell-driven IFN-␥ cytokine production by the lymphocytes of children younger than 5 years to justify the use of the QFT-G and other IGRAs for use in diagnosis of TB in this younger age group.
A number of unanswered questions remain concerning the use of IGRAs for the diagnosis of M. tuberculosis in children. With the availability of both ELISA and ELISpot assays now available in the US, how will the two compare with sensitivity? Will the measurement of other proinflammatory, e.g. IL-1, IL-6, and IL-17, or immunoregulatory, e.g. IL-10 and TGF-␤, cytokines by IGRAs be helpful in further unraveling the diagnostic dilemma of TB in children? 41, 42, 43 In the study reported by Krummel et al., 41 a combination of a M. tuberculosis-specific IFN-␥ ELISpot with a M. tuberculosis-specific IL-2 ELISpot was shown to significantly improve the identification of individuals with the highest risk of recent M. tuberculosis infection and offers a promising method that should be explored to target the treatment of LTBI. Another promising diagnostic tool addressing the need for additional assays to improve diagnosis of M. tuberculosis infection in children was reported by Ruhwald et al. 43 This study evaluated the performance of an IFN-␥-inducible protein 10 (IP-10)-and IL-2-based test for the diagnosis of M. tuberculosis infection in recently exposed children from Nigeria. After stimulation of lymphocytes in whole blood preparations with M. tuberculosis-specific antigens and mitogen, the high-risk children expressed significantly higher levels predominantly of IP-10 and lesser elevations of IL-2 than low-risk groups. These findings suggest that IP-10 and possibly IL-2 could be alternative or adjunct markers to IFN-␥ in the diagnosis infection with M. tuberculosis.
Another practical application of IGRA tests is their use in screening patients before the use of corticosteroids and the recently developed biologic response modifiers, e.g. anti-TNF-␣ agents known to exacerbate TB infection. 44 The observation that anti-TNF-␣ therapy is associated with reactivation of LTBI has led to clinical guidelines that recommend screening patients for previous evidence of TB infection before commencing anti-TNF-␣ treatment. 40 Of particular concern for the allergist-immunologist is the known modifying effect of corticosteroids commonly used in the treatment of allergic disease on the TST, resulting in misleading false-negative results, thus exposing undiagnosed patients to the risk of TB reactivation when treated with these agents.
In conclusion, the results of the present study are in keeping with those of other studies and show that the QFT-G and QFT-GIT offer distinct advantages over the TST. They also provide new evidence that the young infant Ͻ5 years of age has sufficient immunologic capacity for IFN-␥ production to allow the test to be performed in younger populations. It would seem prudent to follow the National Institute of Health and Clinical Excellence guidelines 38, 39 and perform the TST as an initial screening tool and carry out IFN-␥ testing in patients with positive TST results. (1) into a phagosome (2) , the macrophage is stimulated to produce IL-12 (3 
